Southern analysis showed that seven of nine human gastric cancer cell lines did not express DLC-1 mRNA, but contained the DLC-1 gene. To identify the mechanism of the loss of DLC-1 mRNA expression in these cell lines, we investigated the methylation status of DLC-1 gene by using methylation-specific PCR (MSP) and Southern blot, and found that five of seven DLC-1 nonexpressing gastric cancer cell lines were methylated in the DLC-1 CpG island. Treatment with 5-aza-2 0 -deoxycytidine (5-Aza-dC) induced DLC-1 mRNA expression in the gastric cancer cell lines that have the methylated alleles. Studies using SNU-601 cell line with methylated DLC-1 alleles revealed that nearly all CpG sites within DLC-1 CpG island were methylated, and that the in vitro methylation of the DLC-1 promoter region is enough to repress DLC-1 mRNA expression, regardless of the presence of transcription factors capable of inducing this gene. In all, 29 of 97 (30%) primary gastric cancers were also shown to be methylated, demonstrating that methylation of the DLC-1 CpG island is not uncommon in gastric cancer. In addition, we demonstrated that DLC-1 mRNA expression was induced, and an increase in the level of acetylated H3 and H4 was detected by the treatment with trichostatin A (TSA) in two DLC-1 nonexpressing cell lines that have the unmethylated alleles. Taken together, the results of our study suggest that the transcriptional silencing of DLC-1, by epigenetic mechanism, may be involved in gastric carcinogenesis.
Introduction
A newly identified gene frequently deleted in liver cancer (DLC-1), which was simultaneously cloned as a hot potato (HP) by another group (unpublished, GenBank Accession no. AF026219), shares high sequence similarity with rat p122RhoGAP (Yuan et al., 1998) , a GTPase activating protein (GAP) that serves as a negative regulator of Rho proteins by stimulating its intrinsic GTPase activities (Morii et al., 1993) . The Rho family proteins function as important regulators of the organization of the actin cytoskeleton (Ridley and Hall, 1992) and are known to be involved in Ras-mediated oncogenic transformation (Qiu et al., 1995) . Whereas guanine nucleotide exchange factors (GEFs) like Dbl and Vav were discovered to be oncogenic proteins by activating Rho proteins (Hart et al., 1991; Crespo et al., 1997) , GAPs may function as tumor suppressors by inactivating Rho proteins. A recent report showed that transfection of DLC-1 cDNA into hepatocellular carcinoma (HCC) cell lines deficient in DLC-1 gene induced significant tumor growth inhibition and reduced colony formation (Ng et al., 2000) , suggesting that DLC-1 is a tumor suppressor gene.
The DLC-1 gene was found to be located at 8p21.3-22 (Yuan et al., 1998) , a region frequently deleted in various cancer cells including hepatocellular, lung, colorectal, prostate, and breast cancer (Emi et al., 1992; Fujiwara et al., 1994; Yaremko et al., 1995; Wistuba et al., 1999) , and has been reported to be deleted in HCC cell lines and in primary tumors (Yuan et al., 1998; Ng et al., 2000) . However, the mechanism of the loss of DLC-1 expression without genomic deletion has not been explored.
Epigenetic mechanisms that involve DNA methylation and alteration of chromatin structure are an important way of transcriptionally silencing many genes, especially tumor suppressor genes, acting as an alternative to genetic defects in human cancers. Recently, several studies have shown that methylation of CpG island is associated with gene silencing in tumors, which include pRb, p15
Ink4b
, p16
Ink4a
, hMLH1, and TGFb type I receptor (Herman et al., 1996b (Herman et al., , 1998 Stirzaker et al., 1997; Kang et al., 1999; Song et al., 2000) . Genes silenced by DNA methylation can be reactivated by treatment with 5-aza-2 0 -deoxycytidine (5-Aza-dC), which is a well-established inhibitor of DNA methyltransferase (Jones and Taylor, 1980) . Inactive chromatin by histone deacetylation is also known to be other pathway of gene silencing, which include p21 Waf1 , hTERT, and hLHR (Sowa et al., 1997; Takakura et al., 2001; Zhang and Dufau, 2002) . The level of histone acetylation depends on the activity of histone acetyltransferase (HAT) and histone deacetylase (HDAC). Trichostatin A (TSA), a histone deacetylase inhibitor, is reported to activate genes whose expression is silenced by the inhibition of HDAC activity (Van Lint et al., 1996) . In the present study, we investigated the possibility that the deletion of DLC-1 gene could inactivate DLC-1 expression in gastric cancer, because the high frequency of allelic losses of 8p21-22 was also found in gastric cancer (Baffa et al., 2000) . Our data demonstrate that DLC-1 mRNA expression is lost in a majority of gastric cancer cell lines and primary tumors by DNA methylation and histone deacetylation, not by genetic defects, suggesting that epigenetic inactivation of DLC-1 gene may play a role in gastric carcinogenesis.
Results

Loss of DLC-1 expression without gene deletion in gastric cancer cell lines
Of the nine gastric cancer cell lines examined by Northern blot analysis, SNU-484 and SNU-638 cell lines expressed 7.5 and 4.5 kb transcripts of the DLC-1 gene, which is consistent with an earlier report (Yuan et al., 1998) , but the other cell lines did not (Figure 1a) . A recent report showed that the deletion of DLC-1 gene was associated with the loss of the gene expression in HCC (Yuan et al., 1998; Ng et al., 2000) . To determine whether the loss of DLC-1 expression was because of genomic deletion in gastric cancer cell lines, the DLC-1 gene was checked by Southern blot analysis. As shown in Figure 1b , the genomic DNA of DLC-1 was detected in all gastric cancer cell lines, and this was found to be not significantly different from its level in normal human gastric tissue DNA. Therefore, the observed loss of DLC-1 mRNA expression was not caused by genomic deletion in the gastric cancer cell lines.
Methylation status of the DLC-1 CpG island in gastric cancer cell lines
Methylation of CpG island is an alternative way of causing the gene silencing of diverse tumor suppressor genes. Structurally, the 663-bp fragment of the 5 0 -upstream region from the starting codon of DLC-1 gene (GenBank Accession no. AF404867) has a high G þ C content (73%) and CpG : GpC ratio of 0.92, thus satisfying the criteria for a CpG island. To explore the potential role of CpG island methylation in the transcriptional silencing of DLC-1 gene, we checked the methylation status in the gastric cancer cell lines by methylation-specific PCR (MSP), in which methylated and unmethylated alleles can be specifically amplified after chemically modifying the DNA with sodium bisulfite (Herman et al., 1996a) . As shown in Figure 2b , two DLC-1-expressing cell lines were unmethylated at the DLC-1 CpG island, as was expected, whereas five DLC-1 nonexpressing cell lines were either completely methylated or partially methylated (SNU-620). We also analysed the methylation status of the DLC-1 CpG island by Southern blot analysis (Figure 2c) . A restriction map of the DLC-1 CpG island is shown in Figure 2a . Genomic DNAs from different gastric cancer cell lines were digested with EcoRI, which generated a 5-kb fragment containing the DLC-1 CpG island, and this was further digested with the methylation-sensitive restriction enzymes, BssHII or NaeI. If unmethylated, the 5-kb fragment is cleaved by these enzymes into smaller fragments, which can be detected by Southern blot. Five cell lines showing methylation by MSP revealed the 5-kb methylated fragment, which represents the methylated CpG of the individual methylationsensitive enzyme-recognition sites. Four unmethylated cell lines revealed the digested smaller fragments according to MSP. In particular, SNU-620 cell line exhibited both the 5-kb methylated fragment and cleaved smaller fragments, suggesting that the population was heterogeneous and that partial proportion of the cells had unmethylated DLC-1 alleles. Therefore, data obtained from this analysis agreed well with those obtained by MSP. Taken together, these findings strongly suggest that the methylation status of the 
Studies upon the methylation of the DLC-1 CpG island
To obtain more information about the methylation status of the DLC-1 CpG island and its effect on gene expression in detail, we studied SNU-484 cell line with the unmethylated alleles, and SNU-601 cell line with the methylated alleles. The methylation patterns of the DLC-1 CpG island were examined by bisulfide genomic sequencing of individual alleles from these cell lines. The promoter region spanning 35 CpG sites was amplified by PCR using sodium bisulfite-modified DNA as templates, and five PCR clones of each cell line were sequenced. As shown in Figure 3a , we found that all CpG sites were completely unmethylated in the analysed clones derived from SNU-484 cell line, and nearly all CpG sites were extensively methylated in those derived from SNU-601 cell line.
In order to determine whether methylation of the DLC-1 promoter region could mediate the transcriptional silencing of DLC-1 gene, a luciferase reporter construct containing the entire DLC-1 CpG island was methylated using SssI, an enzyme that methylates every CpG dinucleotide. The complete methylation of each reporter construct was confirmed by digestion with HpaII (data not shown). As shown in Figure 3b , the transfection of the methylated reporter construct into SNU-601 cell line resulted in the complete abolition of transcriptional activity measured by luciferase activity. A similar result was obtained in the case of SNU-484 cell line, which expresses DLC-1 endogenously. These results suggest that complete methylation of the DLC-1 CpG island is sufficient to repress the DLC-1 expression regardless of the presence of transcription factors capable of inducing this gene.
To investigate whether demethylation could restore DLC-1 mRNA expression in SNU-601 cell line, we treated cells with 5-Aza-dC for 4 days at varying concentrations. As shown in Figure 3c , the induction of DLC-1 mRNA, as demonstrated by reverse transcription PCR (RT-PCR), occurred at a concentration of 0.1 mm 5-Aza-dC and the level of DLC-1 mRNA was increased in a dose-dependent manner. In contrast, treatment of SNU-484 cell line with 5-Aza-dC did not alter the level of DLC-1 mRNA expression as expected. To determine whether this induction was associated with The locations of the BssHII and NaeI restriction sites and the set of MSP primers that recognize unmethylated (uF and uR) or methylated (mF and mR) DNA are shown. (b) Bisulfite-modified DNA derived from gastric cancer cell lines was amplified with primers specific for unmethylated (U) or methylated (M) DNA. The 'U' and 'M' products were 178 and 172 bp, respectively, because of differences in the lengths of the primers; Lane H 2 O, a negative control. (c) Methylation status of the DLC-1 CpG island was examined by digesting with EcoRI and then with the methylation-sensitive restriction enzymes BssHII or NaeI, and this was followed by Southern blot analysis using a 488-bp fragment (À138 to þ 310) as a probe DLC-1 silencing in gastric cancer cells TY Kim et al a change in the methylation status of DLC-1, DNA was isolated from 5-Aza-dC-treated SNU-601 cell line and subjected to MSP analysis. The induction of DLC-1 mRNA expression was associated with the presence of unmethylated DLC-1 alleles, which were absent before the 5-Aza-dC was treated, thus confirming that this induction resulted from the demethylation of the DLC-1 CpG island (Figure 3d ).
To determine whether DNA methylation was responsible for the loss of DLC-1 mRNA expression in other gastric cancer cell lines that have the methylated alleles, we treated these cell lines with 5 mm 5-aza-dC. Figure 3 showed that the DLC-1 mRNA expression was induced in all five cell lines, as determined by the presence of the predicted 262-bp RT-PCR product.
Methylation of DLC-1 CpG island in primary gastric tissues
We next examined whether DLC-1 gene is methylated in primary gastric cancer tissues (Figure 4) . MSP analysis showed that the DLC-1 CpG island was methylated in 30% (29 of 97) of the primary gastric cancer tissues. In contrast, those islands were not methylated in the corresponding normal gastric tissues, indicating that methylation of DLC-1 CpG island is restricted to cancer cells. It was also observed that gastric cancer samples contained unmethylated DLC-1 alleles. We speculated that these might be because of the invariable contamination of noncancerous cells such as stromal, inflammatory, and vascular cells. From these, we demonstrated that the methylation of DLC-1 CpG island is not an artifact of in vitro experimental system, vector containing the promoter region of DLC-1 (nt. from -428 and þ 273) was in vitro methylated using SssI (CpG) methylase and transfected into SNU-484 or SNU-601 cell line. Luciferase activity was normalized versus b-galactosidase activity. Data are representative of three independent experiments performed in triplicate. (c) RT-PCR analysis was performed after treatment with increasing concentrations of 5-Aza-dC for 4 days. b-actin expression demonstrates the efficiency of cDNA synthesis. SNU-484 cell line was not appreciably affected by 5-Aza-dC treatment. (d) MSP analysis was performed upon SNU-601 cell line before and after treatment with 5-Aza-dC. The presence of unmethylated (U) product indicates the presence of the DLC-1 gene demethylation. Parallel amplification reactions were performed using primers specific for U or methylated (M) DNA. (e) Effects of 5-Aza-dC on DLC-1 mRNA expression in nonexpressing gastric cancer cell lines with the methylated alleles. Total RNA was isolated after treating 5 mm 5-Aza-dC for 4 days. RT-PCR was performed using specific primers for DLC-1 as described in 'Materials and Methods' Figure 4 Representative MSP analysis of the DLC-1 CpG island in primary gastric cancer tissues. Parallel amplification reactions were performed using primers specific for unmethylated (U) or methylated (M) DNA. Case 2 is a representative pair of unmethylated sample and the remainders are representative pairs of methylated samples chosen from the total of 97 analysed but relatively common and cancer-specific event in gastric carcinogenesis.
DLC-1 expression is silenced by histone deacetylation
A growing body of data indicate the importance of histone acetylation and deacetylation and corresponding chromatin structural alterations in the process of gene silencing. DLC-1-nonexpressing cell lines, SNU-5 and SNU-668, which have the unmethylated alleles, were used to test whether HDAC activity contributes to the loss of DLC-1 mRNA expression. When SNU-5 or SNU-668 cell line was treated with TSA at a concentration of 500 nm, DLC-1 mRNA expression was weakly detected after 6 h and clearly observed after 12 h in both cell lines (Figure 5a ). To demonstrate that TSA directly induces DLC-1 mRNA expression by modulating the acetylation status of DLC-1 promoter in two cell lines, a chromatin immunoprecipitation (ChIP) assay was performed using antiacetylated H3 or H4 antibodies. The immunoprecipitated DNA was analysed with PCR using primers that recognize the DLC-1 promoter region. The acetylation of histones H3 and H4 associated with the DLC-1 promoter was observed in both SNU-5 and SNU-668 cell lines by treatment with TSA, whereas that was not present in untreated cell lines (Figure 5b ). These results suggest that DLC-1 mRNA expression is modulated by histone deacetylation in SNU-5 and SNU-668 cell lines.
To ascertain whether both the activities of DNA methyltransferase (DNMT) and HDAC play a role in the loss of DLC-1 expression more generally, a dual treatment strategy was used in SNU-719 cell line. The treatment of SNU-719 cell line with low doses of 5-AzadC alone weakly induced DLC-1 mRNA expression, and the combined treatment of TSA with 5-Aza-dC increased this gene expression (Figure 5c ). However, treatment with TSA alone had no effect on gene expression.
Discussion
DLC-1 was first identified by using a representative difference analysis (RDA), a PCR-based subtractive hybridization technique which was applied to a primary HCC and adjacent noncancerous tissue from the same patient (Yuan et al., 1998) . In the original report, the loss of heterozygosity of DLC-1 was detected in seven of 16 HCCs and in 10 of 11 HCC cell lines. A subsequent report confirmed this observation by finding homozygous deletion of DLC-1 in six of 30 human HCCs and two of five HCC cell lines (Ng et al., 2000) . However, the loss of DLC-1 mRNA expression was also observed in HCCs without homozygous deletion, suggesting that alternative mechanisms are responsible for inactivating DLC-1 in these tumors.
In this study, we observed the loss of DLC-1 mRNA expression without genetic deletion in seven of nine gastric cancer cell lines. MSP and methylation-sensitive Southern blotting showed that five of seven gastric cell lines and 29 of 97 (30%) primary gastric cancer tissues were methylated at the DLC-1 CpG island. In addition, treatment of gastric cancer cell lines that have the methylated alleles with 5-Aza-dC restored DLC-1 mRNA expression, demonstrating that DNA methylation is directly involved in the transcriptional silencing of DLC-1 gene. Recent studies have indicated the existence of a mechanistic linkage between DNA Figure 5 Effect of TSA on DLC-1 mRNA expression and histone acetylation at the DLC-1 promoter locus in DLC-1-nonexpressing gastric cancer cell lines with the unmethylated alleles. (a) RT-PCR analysis was performed after treating SNU-5 and SNU-668 cell lines with 500 nm TSA for the indicated period. b-actin expression demonstrates the efficiency of the cDNA synthesis. (b) SNU-5 and SNU-668 cell lines were cultured with or without TSA (500 nm) for 12 h and treated with formaldehyde to crosslink protein to DNA and the acetylated histones were immunoprecipitated using antibodies specific to the acetylated histone H3 or acetylated histone H4. Immunoprecipitated DNA was analysed by PCR using a pair of primer specific for the DLC-1 promoter region. Negative control reaction using an aliquot precipitated with no antibody (No Ab) was shown. Input denotes 10% of total DNA prior to immunoprecipitation. (c) SNU-719 cell line with the methylated alleles was treated with DMSO, 1 mm 5-Aza-dC, 500 nm TSA, or 1 mm 5-Aza-dC followed by 500 nm TSA, and RT-PCR was performed using specific primers for DLC-1, as described in 'Materials and methods'. b-actin expression demonstrates the efficiency of cDNA synthesis DLC-1 silencing in gastric cancer cells TY Kim et al methylation and chromatin alteration, mediated by methyl-CpG-binding proteins (i.e. MeCPs and MBDs) that recruit Sin3A/HDAC corepressor complex (Nan et al., 1998; Wade et al., 1998; Dobosy and Selker, 2001; Burgers et al., 2002) . Our study performed by a combined treatment of 5-Aza-dC with TSA to a gastric cancer cell line (SNU-719) showed that the combined treatment synergistically increased the level of DLC-1 mRNA expression more than that activated by 5-AzadC alone, which supports a report that showed the essential roles of DNMT and HDAC in the transcriptional silencing of several methylated genes (Cameron et al., 1999) . Restoration of histone acetylation by treatment with TSA alone did not induce DLC-1 mRNA expression in this cell line. This result suggests that methylation plays the dominant role over histone deacetylation in DLC-1 silencing in association with DNA methylation. Consistent with our finding, it has been recently reported that TSA alone cannot reactivate genes silenced by DNA methylation, such as DAPK (Satoh et al., 2002) , COX-2 , and Runx3 (Guo et al., 2002) .
We also demonstrated that TSA can induce the DLC-1 mRNA expression and an accumulation of acetylated histone associated with the DLC-1 promoter in the gastric cancer cell lines that have the unmethylated alleles (SNU-5 and -668). Recent published data suggested that Sp1 binding sites are involved in the transcriptional activation of genes such as p21 (Sowa et al., 1997; Huang et al., 2000) and Cox1 (Taniura et al., 2002) in response to HDAC inhibitors. In addition, Doetzlhofer et al. (1999) reported that Sp1 is tightly associated with HDAC and that the two proteins may be part of one complex. An attempt to identify potential transcription factor binding sites using the TFSEARCH program (http://www.cbrc.jp/research/db/TFSEARCH. html) revealed that the promoter region of DLC-1 contains multiple Sp1 binding sites, notably in the region from À280 to À210, which suggests that these Sp1 binding sites might play an important role in the induction of DLC-1 mRNA expression by treatment with TSA in SNU-5 and SNU-668 cell lines. However, further studies using DLC-1 promoter constructs are required to identify the functional roles of the Sp1 binding sites in DLC-1 silencing. Taken together, our experiments suggest that two distinct epigenetic mechanisms for the transcriptional silencing of DLC-1 gene, namely, DNA methylation and histone deacetylation, exist in gastric cancer cells.
The precise nature of molecular mechanisms that determine which of the two epigenetic pathways underlying the transcriptional silencing of DLC-1 gene remain to be elucidated. One possible mechanism recently proposed by Robertson (Robertson, 2002; Geiman and Robertson, 2002) is that an altered chromatin environment may predispose DNA methylation. According to his hypothesis, HDAC would first target the region destined to undergo transcriptional silencing via interaction with other proteins. Next, DDM/Lsh, a SNF2 family member, known to alter the chromatin structure by disrupting the histone/DNA contacts (Vignali et al., 2000) , acts to enable histone methyltransferases (HMTase) to modify the histone tails, specifically on lysine9 of histone H3. Following this chromatin structural alteration and histone methylation, DNMTs can gain access to the DNA sequence that was previously inaccessibly packaged. Finally, HDAC can bind to the methylated DNA, thus causing a 'tightening' of the chromatin structure. This model is supported by recent evidence which shows that gene silencing of exogenous retroviral sequences that have been shown to be methylated can occur in the de novo methylase-null cell (dnmt3aÀ/À; dnmt3bÀ/À) by repressive chromatin structure (Pannell et al., 2000) . Therefore, it seems likely that in cases of SNU-5 and SNU-668 cell lines the DLC-1 gene silencing is attributed to the histone deacetylation step prior to the DNA methylation step. This may occur because of the disruption of any of the proteins involved in above sequential reactions, including disruption of the chromatin remodeling complex (SNF-2 family proteins and HMTase) or DNMTs. We performed RT-PCR to check DNMTs mRNA in the gastric cancer cell lines. DNMT1, a maintenance methyltransferase and DNMT3a, de novo methyltransferase, were expressed in all gastric cancer cell lines. Interestingly, the expression of DNMT3b, also characterized as a de novo methyltransferase was abolished in SNU-5 and -668 cell lines, but detected in the other gastric cancer cell lines with methylated DLC-1 alleles (data not shown), which suggests that DNMT3b might be a factor that determines whether DLC-1 is silenced by DNA methylation or histone deacetylation in gastric cancer cell lines. Further studies are needed to clarify this hypothesis, including the loss of chromatin remodeling complex in SNU-5 and SNU-668 cell lines.
It has been reported that the DLC-1 gene has an 86% homology with rat p122RhoGAP. Transfection of p122RhoGAP, which has a GAP activity specific for RhoA, resulted in the disassembly of actin stress fiber, morphological rounding, and detachment (Sekimata et al., 1999) . This imply that DLC-1 may be involved in the regulation of cytoskeletal rearrangement and morphological alteration by inhibiting the activity of Rho protein. Recent studies indicate that Rho proteins regulate signaling pathways that mediate tumor cell invasion and metastasis (Sliva et al., 2000; Tsutsumi et al., 2002) . DLC-1 gene was mapped to the 8p21.3-22, a region that is frequently deleted during the process of metastasis of lung cancer (Kurimoto et al., 2001) , colorectal cancer (Knosel et al., 2002) , and melanoma (Wiltshire et al., 2001) . Moreover, a recent study using Gene-chip array technology analysed the different transcriptional profiles of two human mammary carcinoma cell lines, which showed metastatic and nonmetastatic properties, and reported that DLC-1 was downregulated in the metastatic cell line (Euer et al., 2002) . Taken together, these studies suggest that the loss of DLC-1 expression may be involved in the process of metastasis.
In summary, our findings demonstrate that epigenetic mechanisms, including the methylation of DLC-1 CpG island and histone deacetylation, occur in gastric cancer cells, and that is associated with the transcriptional silencing of the DLC-1 gene, suggesting that these processes may play important roles in gastric carcinogenesis.
Materials and methods
Tumor samples and cell lines
Tumors and corresponding normal tissues were obtained from 97 patients with primary gastric carcinoma, during surgery at the Seoul National University Hospital, Seoul, Korea. After surgical removal, the tissues were frozen immediately in liquid nitrogen and stored until required. Nine gastric cancer cell lines were obtained from the Korean Cell Line Bank (Seoul) and one hepatocellular carcinoma cell line (HepG2) used as a positive control was obtained from the American Type Culture Collection (Rockville, MD, USA). Cell lines were maintained in RPMI-1640 supplemented with 10% fetal bovine serum and gentamicin (10 mg/ml) at 371C in a humidified 5% CO 2 atmosphere.
Northern blot analysis
mRNA was isolated as previously described (Song et al., 2001) . Blots were hybridized with a random-labeled 1160-bp HindIII cDNA fragment of DLC-1 (GenBank Accession no. NM_006094) and a b-actin cDNA probe.
Southern blot analysis
For Southern blotting, genomic DNA prepared using a DNA extraction kit (IntronBiotechnology, Seoul, South Korea) was digested with HindIII and separated by electrophoresis in 0.7% agarose gel. The 1160-bp DLC-1 cDNA and a b-actin cDNA probes were used. For the methylation study, genomic DNAs were digested overnight with EcoRI and then further digested with the methylation-sensitive restriction enzymes, BssHII or NaeI. DNA fragments were separated on a 1% agarose gel and transferred to a positively charged nylon membrane (Schleicher & Schuell, Keene, NH, USA). Blots were hybridized overnight with a random prime-labeled 448-bp DLC-1 probe (À138 to þ 310 with respect to the putative transcription initiation site; GenBank Accession no. NM_006094 and AF404867) in 65% formamide/6 Â SSC/1% SDS at 421C. Putative transcription initiation site of the DLC-1 gene was determined by the longest 5 0 UTR (untranslated region) of the DLC-1 cDNA (GenBank Accession no. NM_006094).
Sodium bisulfite treatment and MSP
Genomic DNAs (1 mg) were treated with sodium bisulfite at 501C for 18-20 h using a CpGenome amplification kit (Intergen, Purchase, NY, USA). Sodium bisulfite-modified DNA was subject to MSP using primer sets that distinguish between unmethylated (U) and methylated (M) DNA. Primers designed on the basis of the DLC-1 promoter sequence information (GenBank Accession no. AF404867) contained six CpG sites. To discriminate between unmethylated and methylated products, primers were designed to generate different PCR products that varied in size by 6-bp (178 versus 172-bp). The unmethylated and methylated primer sequences were as follows: unmethylated reactions (nt. from À56 to þ 122), 5 0 -AAA CCC AAC AAA AAA ACC CAA CTA ACA-3 0 (sense) and 5 0 -TTT TTT AAA GAT TGA AAT GAG GGA GTG-3 0 (antisense) and methylated reactions (nt. from À53 to þ 119), 5 0 -CCC AAC GAA AAA ACC CGA CTA ACG-3 0 (sense) and 5 0 -TTT AAA GAT CGA AAC GAG GGA GCG-3 0 (antisense). All amplifications used a hot start AmpliTaq DNA polymerase (Perkin-Elmer, Foster City, CA, USA) and the following conditions: 951C for 12 min, and 35 cycles of 951C for 30 s, 551C for 30 s, and 721C for 30 s, followed by final extension at 721C for 10 min. Each set of PCR reaction products were loaded onto 2.5% agarose gels, ethidium bromide-stained, and visualized under UV light.
Bisulfite sequencing
Sodium bisulfite-treated genomic DNAs were amplified using the following primers (nt. from þ 20 to þ 310): 5 0 -GTT TTT AGT TAG GAT ATG GT-3 0 (sense) and 5 0 -CTT CTT TCT ACA CAT CAA ACA -3 0 (antisense). The conditions of the amplification were as follows: 951C for 12 min, and 35 cycles of 951C for 30 s, 521C for 30 s, and 721C for 30 s, followed by final extension at 721C for 10 min. PCR reaction products were gelpurified and cloned into pEZ-T vector (RNA, Inc., Seoul, South Korea). The inserted PCR fragments of individual clones were sequenced using an ABI PRISM 377 DNA sequencer (Perkin-Elmer).
In vitro methylation assay
A 701-bp fragment corresponding to nucleotides À428 to þ 273 in the DLC-1 promoter region was amplified using normal human genomic DNA as a template with following primers: 5 0 -ACA CCT CCG CCA AGT AAA TG-3 0 (sense) and 5 0 -AAG CGC TGT GGG GAA GTC G-3 0 (antisense) and cloned into the pEZ-T vector (RNA, Inc.). The reporter construct was prepared by excising an insert from the T vector with NcoI, and subcloning this between the NcoI sites of the pGL3-basic vector (Promega, Madison, WI, USA). The sequences and orientations of the inserts were determined by direct sequencing. This reporter construct was treated overnight with three U of SssI (CpG) methylase (New England Biolabs, Beverly, MA, USA) per microgram of vector DNA in the presence (methylated) or absence (unmethylated) of 1 mm S-adenosylmethionine. Complete methylation of the vector DNA was confirmed by digestion with HpaII. Equal amounts of methylated and unmethylated vectors were introduced into the SNU-484 and SNU-601 cell lines using lipofectin (Life Technologies, Inc., Gaithersburg, MD, USA) with a bgalactosidase expression vector (pSV b-gal). Luciferase activity was measured 48 h after transfection using a TR717 Microplate Luminometer (Tropix, Inc., Bedford, MA, USA) and a Bioluminescent Reporter Gene Assay System (Tropix, Inc.) according to the manufacturer's instructions. Relative luciferase activity was calculated and normalized versus b-galactosidase activity.
Drug treatment and RT-PCR
Cells were seeded at a density of 1 Â 10 6 cells/100 mm dish and treated 24 h later with varying concentrations of 5-Aza-dC for 4 days or 500 nm TSA for varying period. For the synergistic study, 1 mm 5-Aza-dC was present in culture for 4 days, and/or 500 nm TSA was added for the last 12 h. At the end of the treatment, the medium was removed and the RNA was isolated as described above. cDNA was synthesized using M-MLV reverse transcriptase (Invitrogen, Carsbad, CA, USA) with random hexamers following the manufacturer's instructions and amplified with primers specific for the DLC-1 gene (nt. from þ 313 to þ 574): 5 0 -GGA CAC CAT GAT CCT AAC AC-3 0 (sense) and 5 0 -CTC ATC CTC GTC TGA ATC GT-3 0 (antisense). PCR reactions were performed as follows, 951C for 5 min, and 35 cycles of 951C for 30 s, 551C for 30 s, and 721C for 30 s, followed by incubation at 721C for 10 min. b-actin was amplified, at the same time, to estimate the efficiency of cDNA synthesis as described previously (Jong et al., 1999) . PCR products were resolved on 1% agarose gels.
ChIP assay
Chip was performed using antibodies specific for acetylated histone H3 and H4, as described previously (Richon et al., 2000) . Briefly, cells were plated at a density of 5 Â 10 6 cells/15-cm dish and incubated overnight. The next day, the cells were cultured in the presence of 500 nm TSA for 12 h. Formaldehyde was added directly to the culture media to a final concentration of 1% and incubated at 721C for 10 min. The cells were suspended in SDS lysis buffer (1% SDS/10 mm EDTA/50 mm Tris-HCl, pH 8.1), and the lysates were sonicated to shear the DNA into lengths of 200-1000 bp. An aliquot of the chromatin preparation was used as an internal control for the amount of DNA (input). Immunoprecipitation was performed using antiacetylated histone H3 or H4 antibodies (Upstate Biotechnologies, Lake Placid, NY, USA) for 16 h at 41C. Immunocomplexes were collected by incubation with protein A-agarose for 2 h at 41C, washed five times for 5 min, and eluted twice with 250 ml of elution buffer (0.1 m NaHCO 3 /1% SDS). RNase A (0.03 mg/ml) and NaCl (0.3 m) were added, and crosslinks were reversed by incubation for 4-5 h at 651C. Samples were digested with Proteinase K (0.24 mg/ml) for 2 h at 451C. DNA was recovered by phenol/chloroform extraction and ethanol precipitation, and analysed by PCR using following primers (nt. from -243 to -120): 5 0 -AGA GGA GAG GCG GGG CCT-3 0 (sense) and 5 0 -CTT AGC GAC GGG CTG TTC TCC-3 0 (antisense).
